IT IS WELL DOCUMENTED THAT submaximal endurancetype exercise training induces adaptations in the cardiovascular system (17) . These adaptations extend throughout the circulatory system and involve conduit arteries, "feed" arteries, arterioles, and the capillary network. Structural and functional adaptations in the conduit supply arteries are important in establishing flow capacity and contribute to the regulation of blood flow to active muscles during exercise. Segal et al. (27) have reported that training increases the medial wall thickness of the abdominal aorta and femoral, axillary, and other primary arteries after extended exercise training. This structural modification may play a role in decreasing tangential wall stress of arteries when systolic blood pressure is elevated during exercise. Recent studies have showed that exercise training can alter vasomotor reactivity of resistance vessels (14, 30) . Relatively short-duration daily exercise performed for a relatively brief duration of a few days to a few weeks increased endothelium-dependent vasodilation induced by acetylcholine (30) . If the duration of exercise training is extended (e.g., 10-12 wk), enhanced endothelium-dependent vasodilation can be also found in the smaller 2A and 3A levels of arterioles (M. D. Delp and M. H. Laughlin, unpublished observations). These alterations in vasomotor activity induced by training are probably due to alterations in endothelial-mediated signals involving nitric oxide (NO) (14, 17, 30) . Thus there is ample evidence to indicate that adaptations in systemic conduit arteries and smaller feed arteries and arterioles are induced by exercise training. These adaptations presumably impart a more effective vascular control while serving the metabolic demands of the working muscle during exercise.
Exercise training also induces peripheral adaptations that increase the aerobic capacity of muscle via increased number and volume of mitochondria (11) , and enriched capillary density (12) of the active muscle. These physiological adaptations should decrease the diffusion distance between capillaries and mitochondria, prolong red blood cell transit time, and increase the surface area for nutrient exchange between the microcirculation and myocyte. Although these adaptations significantly improve aerobic capacity of the muscle and improve muscle performance (38, 39) , they have little to do with flow capacity to muscle, as this is the function of the upstream resistance and conduit vessels.
After acute occlusion of a primary supply artery, the affected distal tissue will be completely dependent on the collateral circulation for nutrient supply. Collateral vessels exist in many vascular circuits, including the upper thigh of animals (31) (32) (33) 35) . After occlusion of the femoral artery, sufficient collateral blood flow proceeds through these vessels to meet the resting metabolic needs of the distal limb muscle, the tissue most at risk of ischemia (13, 35) . It is apparent from X-ray images of the arterial tree of the thigh that flow through these preexisting collateral vessels arises from large conduits originating from the internal iliac artery (hypogastric trunk) and its branches (31, 35) , vessels that normally serve the muscle of the thigh. These vessels and/or their connections that anastomose to the distal tissue are responsive to NO modulation via nitro-L-arginine methyl ester (L-NAME) (32, 33) . Whether this circumventing circuit can be preconditioned to better serve their collateral function in the face of an acute vascular accident is presently unknown. Thus we posed the following question: do the vascular adaptations induced by exercise training impart an advantage to increase peripheral collateral blood flow immediately after experimental occlusion of the femoral artery? Results that follow demonstrate that prior exercise training modifies the response of existing vessels within the thigh to increase collateraldependent blood flow to the calf muscles when the femoral artery is occluded.
METHODS
Experimental design. Adult male Sprague-Dawley rats were divided into two groups: sedentary animals (n ϭ 14), which were limited to cage activity, and trained animals (n ϭ 14), which were exercised by treadmill running. After 6 wk of training, rats were randomly taken from each group for blood flow measurement with the radiolabeled microsphere technique (see Blood flow determination) in vivo during treadmill exercise. Two treadmill speeds were used to ensure measurement of maximal collateral-dependent blood flow.
Animal care. Rats (ϳ325 g), obtained from Taconic Farms (Germantown, NY), were housed in a temperature-controlled room (20 Ϯ 1°C) with a 12:12-h light-dark cycle and were given Purina Lab Chow and tap water ad libitum. On arrival, all animals were briefly familiarized to the treadmill protocol by running 5-10 min/day for 4-5 days. This brief exposure to treadmill running ensures good running performance for blood flow determination. Furthermore, previous evidence from this laboratory has shown that this procedure does not confound the experiment for animals kept sedentary (37, 43) .
Exercise training. A progressively intense treadmill training program was used. Rats began running at 30 m/min at a 15% grade on a rodent treadmill (Quinton); exercise duration increased from ϳ20 to 60 min/day over the first 2 wk, where it remained for the 6-wk duration of the study. Rats ran 5 days/wk. When the rats were able to run for 60 min/day, 1-min sprints at 40-60 m/min were introduced beginning at the 60th min. As the rats were able, additional sprints were included at 10-min intervals.
Surgical procedures. On the morning of the experiment day, all animals were subjected to bilateral ligation of the femoral arteries at a site 5-6 mm distal to the inguinal ligament, ϳ4-5 h before blood flow measurement. This procedure effectively creates acute-onset peripheral arterial insufficiency in rats (37, 43) . Flow reserve to the hindlimb is significantly reduced; however, flow capacity to the collateral-dependent distal hindlimb remains sufficient to exceed flow demands for quiescent resting muscle. Thus this procedure does not produce signs of ischemia at rest and/or tissue necrosis.
The details of the ligation procedure have been described previously (43) . In brief, the animals were anesthetized with ketamine (100 mg/kg)-acepromazine (0.5 mg/kg), and their femoral arteries were isolated just distal to the inguinal ligament. A ligature was placed tightly around each femoral artery. This produces a uniform ligation, and the animals recovered within 30-40 min with 100% success.
Blood flow determination. Surgical preparation for blood flow determination has been described in detail previously (43) . Immediately after bilateral femoral artery ligation, a catheter (PE 50 tubing) was placed in the arch of the aorta via the left carotid artery for infusion of radiolabeled microspheres. A second catheter was placed in the caudal artery for monitoring blood pressure and heart rate as well as for obtaining the reference blood sample during microsphere infusion. Both catheters were filled with heparinized saline (100 IU/ml) and led under the skin to the back of neck. Animals were run on a treadmill for blood flow determination later in the day (ϳ4-5 h postsurgery, as done previously; see Refs. 37 and 43).
Muscle blood flow was determined with the use of radiolabeled microspheres ( 85 Sr and 141 Ce, 15 Ϯ 0.1-m diameter; NEN, Boston, MA) during the second minute of treadmill running, as done routinely (37, 43) . Blood flows measured at this time are dependent on the running speed. A well-mixed suspension solution of microspheres was carefully infused though the carotid catheter, followed by a saline flush, over ϳ20 s. At the same time, a reference blood sample was withdrawn from the caudal artery at a rate of 500 l/min (starting 10 s before microsphere infusion). Assessment of maximal collateral-dependent blood flows was sought by determining flows at a low but demanding (20 m/min at 15% grade) and a relatively high treadmill speed (25 m/min at 15% grade for sedentary group, 30 m/min at 15% grade for trained group). Femoral artery occlusion removes ϳ90% of the flow reserve to the calf muscles. Thus the calf muscles are relatively ischemic during exercise, even at the low treadmill speed. Similar blood flows at the two speeds indicate that peak vascular conductance has been reached. After exercise, the rats were killed with an overdose of pentobarbital sodium (injection); tissue samples comprising each entire hindlimb and the middle third of each kidney were then sampled. All tissue samples, together with the reference blood flow sample, were counted to a 1% error (Beckman Autogamma 8000) and corrected for "spillover" between isotope counting windows. Muscle blood flow (in ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 ) was calculated as Blood flow ϭ ͑0.50 ml ⅐ min
where RBS is reference blood sample and cpm is counts per minute. Results of both hindlimbs were averaged because the blood flows were not different between the hindlimbs. Similar blood flows of the left and right kidneys within each animal provided evidence of proper mixing of microspheres. Blood flows to individual tissue sections were combined to assess blood flows to the entire hindlimb and the proximal and distal sections, as done previously (37, 43) . Biochemical analysis. Muscle sections from superficial white (predominantly fast-twitch white) and deep red (predominantly fast-twitch red) sections of the quadriceps were dissected immediately after the animal was killed. All muscle samples were frozen and stored at Ϫ80°C until analysis for citrate synthase activity, as described by Srere (29) .
Statistical analysis. Statistical analysis included analysis of variance for main treatment effects of prior training, with repeated measures for replicate determinations within animals of each group (e.g., for blood flow, heart rate, blood pressure, and muscle citrate synthase activity). Individual mean differences were compared using Tukey's procedure (30) . Significant differences were recognized at P Ͻ 0.05. Values are expressed as means Ϯ SE.
RESULTS
Tissue masses. There were no significant differences in body weights and hindlimb tissue masses between the sedentary and trained groups (cf. Table 1) .
Training response. As shown in Fig. 1 , at the start of exercise, rats ran ϳ25 min/day and were able to run 60 min/day after 2 wk of training. This exercise protocol did not markedly reduce the body weights of trained animals (cf. Table 1 ). The activity of a mitochondrial enzyme marker, citrate synthase, increased (P Ͻ 0.01) significantly in both white (15 Ϯ 1.4 vs. 10
) and red (76 Ϯ 2.8 vs. 60
) sections of quadriceps muscles in the trained and sedentary animals, respectively.
Blood pressure and heart rate. As shown in Table 1 , blood pressures of trained animals were not different from those of the sedentary group at preexercise and during exercise. Heart rates of trained rats tended to be lower than those of the sedentary animals, but there were no statistical differences between the two groups (P Ͼ 0.05).
Muscle blood flow. Blood flows could not be determined from three animals (one in the sedentary group and two in the trained group) because of complications in surgery and/or an inability to obtain the reference withdrawal sample through the caudal catheter. Furthermore, the second blood flow determination could not be determined in three animals; these are noted (see Tables 2-4) .
There was an excellent match of left and right kidney blood flows (380 Ϯ 40 and 379 Ϯ 39 ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 , respectively; n ϭ 47) during each flow determination. Similarly, there was an excellent match in blood flow distribution across hindlimbs within each animal (0.99 Ϯ 0.02 left hindlimb/right hindlimb blood flow; n ϭ 47). Thus labeled microspheres appeared to be well mixed into cardiac output and provide a valid assessment of flow distribution within the animals during exercise.
Even though the exercising blood pressures were similar between sedentary and trained groups (cf. Table 1), blood flows to the entire hindlimb, as well as the component proximal and distal limb segments, were significantly higher in the trained group at both speeds (P Ͻ 0.01). This includes collateral-dependent blood flows to the distal hindlimb tissues (e.g., calf muscles) of trained animals, which were ϳ70% higher than those in the sedentary group (P Ͻ 0.01).
As shown in Table 2 , blood flows measured at a higher speed (25 or 30 m/min depending on group) in both treatment groups were similar to the flows measured at the lower speed (20 m/min) in the same treatment group; this observation provides evidence that peak blood flows were achieved in the collateral-dependent muscles. Significant training effects on hindlimb blood flows are illustrated in Fig. 2 , where blood flow values at low and high speeds were combined. Also included in Fig. 2 are reference blood flows for normal animals running at 20 m/min in the absence of vascular occlusion that were obtained in previous work from our laboratory (36) .
Blood flows to individual muscles are listed in Table  3 . Analysis of variance shows that there is a significant training effect between the treatment groups (P Ͻ 0.025). In the proximal hindlimb, blood flows increase in all muscle sections; however, only red quadriceps (predominantly fast-twitch red fibers) and mixed quadriceps are different at both treadmill speeds (P Ͻ 0.05 to P Ͻ 0.01, Table 3 ). In the distal hindlimb, blood flows were greater in all individual muscles in trained animals at both speeds (P Ͻ 0.01 or P Ͻ 0.05) except for blood flow to the white gastrocnemius at 25-30 m/min and blood flow to crural muscle at 20 m/min.
Kidney blood flows at 20 m/min in the trained animals were higher than those in the sedentary controls (P Ͻ 0.025, Table 4 ). Kidney blood flows declined at the higher treadmill speed in the trained group (P Ͻ 0.01, Values are means Ϯ SE. Low speed, treadmill running at 20 m/min for both groups; high speed, treadmill running at 25 m/min for sedentary and at 30 m/min for trained animals; Calf muscles, gastrocnemius-plantaris-soleus muscles. Table 4 ). There were no training and/or speed effects in abdominal and psoas muscles.
DISCUSSION
Exercise training induces vascular adaptation. The results of this study indicate that 6 wk of exercise training in normal rats induces vascular adaptations that improve muscle blood flow during exercise in acute-onset peripheral arterial insufficiency. Blood flows were greater throughout the hindlimbs of the trained compared with the sedentary rats. Most significant to the interest of this study is the observation that blood flow to the distal hindlimb muscles was greater (ϳ70%, P Ͻ 0.05) in trained rats. For example, sections of the calf muscles of trained rats had blood flows that were 10-30 ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 greater than in the same muscles of sedentary rats. This is the region of muscle most at risk of ischemia after occlusion of the femoral artery (13, 35) . It can be seen in Fig.  2 that proximal occlusion of the femoral artery reduces blood flow capacity of the calf muscle by Ͼ90%, far more than in the muscles of the thigh. It is well known that exercise training can increase skeletal muscle blood flow capacity (17) by structural expansion of the arterial tree. In normal animals, training-induced vascular remodeling has been generally viewed as changes in the normal vascular tree, not the collateral circulation. However, it appears that this view derives primarily from studies demonstrating a lack of an effect of exercise training on the coronary collateral circulation in normal animals. Our results demonstrate that the vasculature of the hindlimb muscles differs from the coronary vascular bed in that exercise training in normal nonoccluded animals improves the ability of hindlimb vasculature to deliver blood flow in the face of acute-onset vascular occlusion. Thus prior exercise conditioning could help protect tissue at risk of ischemia after a peripheral vascular accident.
Change of vascular resistance by exercise training. Systemic blood pressures were not significantly different between sedentary and trained groups, so the increased blood flow in trained animals must result from decreased vascular resistance. Because the arterioles and arteriolar network possess most of the vascular resistance in skeletal muscle and because exercise training can increase blood flow capacity of normal skeletal muscle (17) , it may be expected that adaptations in the normal resistance vasculature within, for example, the calf muscles contributed to the increased blood flow observed in this study. However, there are two reasons that make it unlikely that training-induced decreases in calf muscle resistance (R calf ) contributed significantly to the increased blood flow during exercise after acute femoral ligation. First, after acute femoral artery occlusion, vascular resistance in the distal limb tissue is minimized by muscle contractions (i.e., R calf is so minimal during ischemic contractions that further decreases would have little effect on blood flow). Second, after femoral artery ligation, the pressure perfusing the calf muscles is decreased by Table 2 ). Values for normal animals (n ϭ 12) running at a similar treadmill speed (20 m/min), in the absence of femoral artery occlusion, are taken from our previous work (36) . For sedentary-ligated group, n ϭ 13; for trained-ligated group, n ϭ 12. Significantly different from sedentary-ligated group: * P Ͻ 0.01 and † P Ͻ 0.001. 80-85% (15, 33) . This would calculate to a pressure of ϳ25 mmHg in the sedentary animals of this study. Therefore, decreases in R calf will have small effects on blood flow. Although training-induced changes in microvascular anatomy (angiogenesis) and control of vascular resistance are present, they cannot fully explain the increase in blood flows observed in the present study. Accordingly, after bilateral ligation of the femoral arteries, blood flow to the calf muscles should be dependent on the resistance of the upstream collateral circuit, which circumvents the proximal obstruction (35) . As a result, we interpret the increased blood flow to the calf muscles of the trained animals as an increase in flow capacity of the upstream collateral circuit. The following represents an expanded view of the vascular issues that we believe are involved. Figure 3 presents a schematic illustrating the location of vascular resistance for the hindlimb muscles of the normal rat (Fig. 3A) and after acute femoral ligation (Fig. 3B) . In normal rats, total vascular resistance from iliac artery to capillary in the distal calf muscle is the sum of resistance of the femoral artery (R fem ) and the feed arteries and arteriolar resistance in the muscle microcirculation (R calf ). The thigh muscles are perfused primarily by branches arising from the internal iliac artery (hypogastric trunk, see Ref. 10) and, in part, by branches from the distal femoral artery (Yang and Terjung, unpublished observations). As illustrated in Fig. 3 , total vascular resistance to thigh muscles is the sum of resistance of the internal iliac and branching arteries (R i-iliac ), conduit vessels arising from the distal femoral artery (R d-ham ), and feed arteries and arterioles in the muscle microcirculation (R thigh ). As shown, in normal rats, R calf and R thigh are much greater than R fem , R i-iliac , and R d-ham ; thus muscle blood flow during exercise is primarily determined by the resistance vessels of the active muscle. In contrast, after femoral occlusion, there is no flow through the femoral artery, so R fem is not involved in perfusion of the distal limb muscle. Rather, total vascular resistance to the calf muscles in the distal limb is now the sum of R calf and R i-iliac ϩ R d-ham . Importantly, it should be recognized that the circumventing circuit includes the resistance of the internal iliac and its branch arteries in the thigh (R i-iliac ) plus the resistance of the vessels that anastomose in the distal hamstrings (R d-ham ). This resistance is relatively high and accounts for the large pressure drop across the thigh in the presence of femoral artery occlusion (15, 33) . Interestingly, flow through the circumventing circuit could involve retrograde flow through the vessels that normally arise from the distal femoral artery (R d-ham ). Furthermore, true microvascular "collateral" vessels, as traditionally viewed, may be included in the circumventing circuit; however, their involvement would likely exert extensive resistance that would reduce their importance, supplying blood flow well downstream to the distant calf muscles after acute vascular occlusion. Because R calf is minimal during exercise in the presence of bilateral femoral ligation (35, 41) , the primary vascular resistance defining flow to the calf muscles is the sum of R d-ham and R i-iliac .
Structural vascular adaptation. It has been well recognized that exercise training induces structural remodeling to enlarge the collateral circuit in the periphery (40) (41) (42) , just as in the coronary circuit (cf. Ref. 18 ), when exercise is performed in the presence of vascular obstruction. The present results, however, indicate that skeletal muscle collateral circuit flow capacity is increased by exercise training even in the absence of arterial insufficiency. It seems possible that an increased caliber of the circumventing circuit vessels, including the internal iliac artery and its branches, contributes to the increased collateral flow capacity. This would simply require a structural enlargement of the vessels that compose R i-iliac and R d-ham in the normal course of training, a response not supported by previous work (5, 15, 27) . On the other hand, it is possible that improved vasoresponsiveness of the involved conduits is the primary factor. In support of this latter possibility, it is important to note that the collateral-dependent flow capacity of the trained animals in this study is well within the flow capacity of sedentary animals that have been inactive after occlusion of the femoral arteries (37, 42) for a time to realize the full caliber of the collateral vessels (3) . Thus the present results are not the high flows (ϳ70-80 ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 ) characteristic of structural enlargement of the collateral tree (37, 42) . Furthermore, the absolute collateral flow increase with pretraining is similar to that established by acute angiotensin-converting enzyme inhibition on collateral blood flow, results that implicate modulation of vascular tone (36) . Although we cannot rule out possible structural changes, we favor an interpretation that the training effect is due to an improved vasoresponsiveness of the vessels composing the circumventing circuit.
Altered control of collateral vascular resistance. It is reasonable to propose that training alters control of the internal iliac artery, its branches, and other conduit arteries that contribute to collateral circuit vascular resistance. A number of studies have demonstrated that exercise hyperemia and vasomotor reactivity of skeletal muscle arteries are altered by exercise training (2, 15, 16, 22) . This likely involves altered function of the endothelium (5, 14, 17, 19, 28, 30) and vascular smooth muscle (15) (16) (17) of conduit arteries supplying skeletal muscle. Such an improved vasomotor responsiveness of the internal iliac and its branches could impart a smaller pressure drop across these conduit arteries of the thigh; this would lead to a greater pressure perfusing the collateral-dependent calf muscles. In addition, this would contribute to the greater blood flow observed in the thigh muscle during exercise in the trained animals. Thus our results are consistent with an improved function of the internal iliac arterial tree contributing to the improved flow capacity of the collateral circuit.
The signal(s) for adaptation. Exercise generates a number of potential signals for adaptive changes in gene expression in arteries. It has been proposed that . R fem , resistance of femoral artery; R calf , resistance of feeder arteries and arterioles in muscle microcirculation; R i-iliac , resistance of internal iliac artery and its branches, which give rise to the circumventing blood flow on occlusion of the femoral artery; R d-ham , conduit vessels anastomosing in the distal hamstring region; and R thigh , resistance from feeder and arterioles in the proximal hindlimb. See DISCUSSION for details. ⌬P, change in pressure; Q t , total blood flow; Q thigh , thigh blood flow; Q calf , calf blood flow. increases in muscle blood flow, associated with each bout of exercise, generate a "shear stress" signal for vascular adaptation to exercise training (20, 21, 23, 28) . Wall shear stress (S w ) is increased by an increase in blood flow (Q) as described in the following equation: S w ϭ 4Q/r i 3 (where is viscosity and r i is internal radius of the artery). Thus, when flow increases, S w at the vessel wall increases. Acutely, flow-induced dilatation of the artery increases radius and thereby returns S w toward normal levels. It appears that substances that signal remodeling and altered phenotype of endothelial and smooth muscle cells are also released in response to increased S w (1, 4, 6, 8) .
Considerable evidence demonstrates that increased S w stimulates increases in the endothelial constitutive NO synthase (eNOS) gene expression. In cultured endothelial cell monolayers, S w has been shown to produce increased transcription of the eNOS gene and increased eNOS protein expression (24) (25) (26) . Similar effects of S w on the cyclooxygenase/prostacyclin pathway in cultured endothelial cells have also been reported (7, 9 ). This appears to be physiologically relevant, as chronic increases in blood flow produced by atrioventricular fistulas in dogs (21) and rats (23) result in increased transcription of the eNOS gene and increased eNOS protein expression. This may be relevant to our results, as exercise training produces increased expression of eNOS in dog aortas (28) , rat aortas (5), porcine coronary resistance arteries (34) , and rat gracilis muscle resistance arteries (14, 30) . Furthermore, Unthank and co-workers (32, 33) have shown that NO production is important in the collateral circuit, even in normal sedentary animals immediately after femoral artery occlusion.
Significance of this study. Collectively, this evidence supports our hypothesis that an improved vasoresponsiveness, possibly mediated by eNOS activity, contributes to the improved collateral blood flow of trained animals after acute-onset peripheral vascular occlusion. We believe that this occurred through adaptations in the internal iliac and its branches, as they form part of the circumventing circuit after femoral artery occlusion. Therefore, we believe our results are most consistent with the hypothesis that exercise training in normal animals signals functional adaptations in preexisting arteries that function as part of the circumventing circuit after acute-onset peripheral arterial insufficiency. These adaptations allow improved collateral blood flow capacity in the periphery, where existing anastomosing vessels are available to circumvent the vascular obstruction.
